Neuronal motility is a fundamental feature that underlies the development, regeneration, and plasticity of the nervous system. Two major developmental events-directed migration of neuronal precursor cells to the proper positions and guided elongation of axons to their target cells-depend on large-scale neuronal motility. At a finer scale, motility is also manifested in many aspects of neuronal structures and functions, ranging from differentiation and refinement of axonal and dendritic morphology during development to synapse remodeling associated with learning and memory in the adult brain. As a primary second messenger that conveys the cytoplasmic actions of electrical activity and many neuroactive ligands, Ca 2+ plays a central role in the regulation of neuronal motility. Recent studies have revealed common Ca 2+ -dependent signaling pathways that are deployed for regulating cytoskeletal dynamics associated with neuronal migration, axon and dendrite development and regeneration, and synaptic plasticity. 
Abstract
Neuronal motility is a fundamental feature that underlies the development, regeneration, and plasticity of the nervous system. Two major developmental events-directed migration of neuronal precursor cells to the proper positions and guided elongation of axons to their target cells-depend on large-scale neuronal motility. At a finer scale, motility is also manifested in many aspects of neuronal structures and functions, ranging from differentiation and refinement of axonal and dendritic morphology during development to synapse remodeling associated with learning and memory in the adult brain. As a primary second messenger that conveys the cytoplasmic actions of electrical activity and many neuroactive ligands, Ca 2+ plays a central role in the regulation of neuronal motility. Recent studies have revealed common Ca 2+ -dependent signaling pathways that are deployed for regulating cytoskeletal dynamics associated with neuronal migration, axon and dendrite development and regeneration, and synaptic plasticity.
INTRODUCTION
During early development, newly born neurons undergo extensive migration to set up the ordered organization of the central and peripheral nervous systems (Bronner-Fraser 1994, Hatten 1999, Kriegstein & Noctor 2004 , Rakic 1995 . Migration of these neurons is terminated upon their arrival at the targeted region and is followed by a period of nerve growth that involves the elongation of a single axon and multiple dendrites, together with their extensive branching and arborization. Growing axons are led by a motile growth cone that navigates through the complex environment of the developing tissue to reach the appropriate region of the brain for establishing selective synaptic contacts with target neurons (Dickson 2002 , Tessier-Lavigne & Goodman 1996 . Although dendritic processes typically do not extend over long distances, they nevertheless elaborate extensive branches to cover a large field in order to capture incoming axons and to establish synaptic contacts (Cline 2001 , Jan & Jan 2003 , Tada & Sheng 2006 . After synapses are established and become functional, further refinement and remodeling of synaptic connections continue throughout the life of the animal, involving the sprouting and retraction of axonal terminals and dendritic spines in an activity-dependent manner (Gan 2003 , Jontes & Smith 2000 , Segal 2005 ). These diverse forms of neuronal motility-from cell migration to synaptic remodeling-all depend on the rearrangement of cytoskeletal structures and can be regulated by specific extracellular factors and intrinsic electrical activity in a spatiotemporally specific manner. In this review, we summarize recent progress in our understanding of Ca 2+ regulation of neuronal motility, including neuronal migration, axon growth and guidance, and dendritic remodeling. More extensive coverage on each of these subjects can be found in several recent reviews (Ayala et al. 2007 , Bonhoeffer & Yuste 2002 , Gomez & Zheng 2006 , Komuro & Kumada 2005 , Segal 2005 2+ signals elicited by extracellular stimuli or membrane depolarizations that often reach a concentration of several hundreds of nanomolar to a few micromolar (Berridge et al. 2003 , Clapham 1995 . The resting level of [Ca 2+ ] i is maintained by Ca 2+ -ATPase-dependent uptake into internal stores (e.g., the endoplasmic reticulum and mitochondria) and extrusion out of the cell (Garcia & Strehler 1999) as well as by the Na + /Ca 2+ exchanger (Blaustein et al. 1991) release from internal stores. The best-known Ca 2+ channels in the plasma membrane of neurons are voltage-dependent Ca 2+ channels (VDCCs) and neurotransmitter-gated channels, many of which are involved in regulating neuronal motility. Members of the transient receptor potential (TRP) family of proteins also form ion channels that are permeant to Ca 2+ (Clapham et al. 2001) . These TRP channels can be opened at the resting membrane potential and be regulated by extracellular signals, e.g., the neurotrophin brainderived neurotrophic factor (BDNF) (Li et al. 1999) , or components of internal stores. Depletion of intracellular Ca 2+ stores can induce influx of Ca 2+ from the extracellular space through plasma membrane channels, a mechanism known as store-operated Ca 2+ entry (SOCE) (Parekh & Putney 2005) . Recent studies have identified STIM and Orai proteins as the key components in SOCE operation (Soboloff et al. 2006 release (CICR) mediated by the ryanodineand IP 3 -sensitive channels in the membrane of the internal stores (Berridge et al. 2000) . The Ca 2+ ion diffuses very slowly in the cytoplasm (diffusion coefficient at ∼10 μm 2 s −1 ; see al-Baldawi & Abercrombie 1995, Murthy et al. 2000 , Nakatani et al. 2002 owing to the abundant immobile cytoplasmic Ca 2+ -binding proteins (Baimbridge et al. 1992 , Blaustein 1988 . Therefore, Ca 2+ signals are typically localized by limited diffusion but may become global when substantial internal release is involved (Figure 1) (Tsien 1980 (Miyawaki 2003 , Miyawaki et al. 1997 speed up the diffusion of Ca 2+ when they are present at a concentration that significantly perturbs the buffering capacity of endogenous immobile Ca 2+ -binding proteins, thus distorting the spatial pattern of Ca 2+ signals. Even for low-mobility indicators, e.g., dextran-coupled or FRET-based probes, the indicator may cause damping and prolonging of Ca 2+ transients in some cell types when its concentration represents a significant fraction of the total Ca 2+ buffering capacity (Berlin et al. 1994 , Helmchen et al. 1996 . Neurons vary greatly in the content and buffering capacity of Ca 2+ -binding proteins (Baimbridge et al. 1992 , Blaustein 1988 , and thus the reliability of the indicator in a specific cell type depends on the concentration indicators loaded or expressed in the cell. In principle, a minimal amount of the indicator in the cytoplasm is desirable for the accurate detection of [Ca 2+ ] i . Furthermore, special consideration should be given to the acetoxymethyl ester (AM) form of indicators because it can be loaded into subcellular compartments (e.g., organelles), thus complicating the readout of cytoplasmic Ca 2+ changes. Moreover, indicators with different affinities to Ca 2+ should be selected to monitor a specific range of [Ca 2+ ] i . Finally, normalization against the cell volume (e.g., the use of a different fluorescent dye as the volume marker) and calibration of the response curve of the Ca 2+ indicator inside the cell are crucial for proper readout of [Ca 2+ ] i , a procedure that is rather difficult for GFP-based probes in vivo.
REGULATION AND GUIDANCE OF NEURONAL MIGRATION

Various Forms of Neuronal Migration
During early development, newly generated precursor cells for principal cortical neurons migrate on the surface of radial glial cells from the ventricular zone to reach the superficial region of the cortical plate, where such precursor cells form the layered structure of the cortex. In contrast, precursor cells for diverse populations of interneurons migrate over long distances from ganglionic eminences to the cortex via tangential migratory routes (Corbin et al. 2001 , Hatten 1999 , Kriegstein & Noctor 2004 , Maricich et al. 2001 , Marin & Rubenstein 2001 , Rakic 1995 . Neural crest cells that emerge from the dorsal margin of the neural tube migrate over long distances along specific routes to form sensory, autonomic, and enteric ganglia in the peripheral nervous system (Bronner-Fraser 1994) . All these migratory movements are apparently guided by extracellular guidance signals and their interactions with other cells in the developing tissue (Hatten 1999 , Park et al. 2002 .
Many migrating neurons exhibit a highly polarized morphology: They have leading and trailing neurite processes. Directed movement of the neuron typically requires three distinct steps: extension of the leading process, translocation of the soma/nucleus, and retraction of the trailing process (Figure 2a) . The leading process is headed by a growth conelike structure similar to the motile axonal growth cone. Successful migration of the cell also requires the translocation of the soma. This involves the detachment of the somatic adhesion to the substrate and the movement of the nucleus (nucleokinesis) and many other cytoplasmic organelles (Ayala et al. 2007 ), which in turn may involve mechanisms distinct from those operating at the growth cone. In vitro observations of cultured cerebellar granule cells indicate that both the leading growth cone and the soma exhibit saltatory but coordinated advancement (Hatten 1999) .
It is not clear whether both the leading growth cone and the soma detect the directional signals from the environment. If only the leading growth cone is responsible for the signal detection, as suggested by recent findings regarding cultured cerebellar granule cells (Guan et al. 2007 ), a long-range signaling mechanism between the growth cone and the soma is required for proper coordination of the motility of these two distant parts of the neuron. Furthermore, coordinated retraction of the trailing processes as the leading process advances forward must involve actinbased contractile machinery and degradation of the adhesion complex, as suggested by studies of migration of nonneuronal cells (Horwitz & Parsons 1999 , Sheetz et al. 1998 , Wittmann & Waterman-Storer 2001 . In migrating cerebellar granule neurons in vivo, the trailing processes represent the immature axonal projections and do not retract as the cell body moves toward the inner granular layer. In this case, how the migrating neuron handles the tension built up owing to the "stretched" morphology may have some impact on the distance of migration. In short, cytoplasmic signaling among the leading process, soma, and trailing process is essential for the directed movement of migrating neurons. The molecular mechanisms underlying the guidance and motility of neuronal migration have been extensively reviewed recently (Ayala et al. 2007 ). Therefore, we focus here on the role of Ca 
Ca
2+ Channel Signaling in Migrating Neurons
Evidence for a Ca 2+ role in neuronal migration first came from imaging studies of granule cell migration in acute mouse cerebellar slices, in which blockade or enhancement of Ca 2+ influx through N-type VDCCs or the N-methyl-d-aspartate (NMDA) subtype of the glutamate receptor reduced or promoted the rate of granule cell movement, respectively (Komuro & Rakic 1992 , 1993 . In support of this finding, depletion and elevation of extracellular Ca 2+ result in the impediment and acceleration of granule cell migration, respectively. Similar ion channel involvement has also been reported for the migration of other cell types, e.g., gonadotropin-releasing hormone-1 (GnRH-1) neurons (Toba et al. 2005) . Interestingly, different VDCCs may be involved in Ca 2+ signaling for axon guidance and neuronal migration. In Caenorhabditis elegans, Tam et al. (2000) found that in mutants carrying loss-of-function alleles of the VDCC gene unc-2, the touch receptor neuron AVM and the interneuron SDQR exhibit aberrant soma translocation, but AVM neurons extend axons normally, suggesting that the UNC-2 VDCC specifically directs soma translocation and is not required for axonal pathfinding. In contrast, mutations in egl-19, which encodes another VDCC, affect soma translocation of the AVM and SDQR as well as the guidance of the AVM axon.
Ca
2+ Transients and Gradients
Ca 2+ imaging has revealed different patterns of Ca 2+ transients in the soma of cerebellar granule cells during different phases of saltatory movement (Komuro & Kumada 2005) . Forward movement and stationary state are tightly correlated with the peak and trough of the Ca 2+ fluctuation, respectively, and the rate of soma translocation positively correlates with both the amplitude and frequency of Ca 2+ transients under a variety of pharmacological treatments that perturb these transients (Komuro & Kumada 2005 , Komuro & Rakic 1996 . Interestingly, these Ca 2+ transients disappear approximately 10 min before the granule cells terminate their migration in the inner granule layer in the cerebellum (Kumada & Komuro 2004 ). The spontaneous Ca 2+ transients in migrating granule cells are mediated by NMDA receptors and N-type VDCCs (Komuro & Kumada 2005) , which may be activated by the ambient endogenous glutamate in the extracellular space. In addition, the endogenous GABA may also contribute to the Ca 2+ fluctuations by activating depolarizing currents through GABA A receptors. This excitatory action of GABA is due to the high intracellular Cl − concentration that results from the low-level expression of the Cl − transporter KCC2 (Ganguly et al. 2001 , Rivera et al. 1999 . Excitatory GABAergic activities have been observed in various regions of the developing brain (Ben-Ari 2002), and in vitro studies suggest that GABA may regulate cortical neuron migration via the activation of GABA A receptors (Behar et al. 1996 (Behar et al. , 2000 . Finally, the neuropeptide somatostatin appears to influence Ca 2+ fluctuations in cerebellar granule neurons in a stage-dependent manner (Yacubova & Komuro 2002b ). Somatostatin appears to enhance Ca 2+ transients to accelerate the migration of immature granule cells, but attenuate Ca 2+ spikes to slow down the cells reaching their destination.
Given the complex environment in the developing brain, it is conceivable that neuronal migration is influenced by a combination of extracellular factors as well as intrinsic neuronal activities (Yacubova & Komuro 2002a) .
Although Ca 2+ transients regulate the soma movement during migration, it remains unclear whether Ca 2+ signals convey directional instructions for cell migration (Figure 2b) . Using dissociated neurons from the ganglionic eminences, the source of tangentially migrating neurons that give rise to cortical interneurons, Moya & Valdeolmillos (2004) showed that soma translocation is associated with an increase in [Ca 2+ ] i ; a higher Ca 2+ elevation occurs in the proximal region of the leading process, a zone with a wide distribution of γ-tubulin. The importance of the spatial pattern of cytoplasmic Ca 2+ is suggested by the finding that uniform [Ca 2+ ] i elevation by transmitter perfusion did not elicit nucleokinesis. In directed migration of zebrafish primordial germ cells in response to the chemokine stromal-derived factor-1 (SDF-1), polarized activation of the receptor CXCR4 leads to frontal elevation of [Ca 2+ ] i , which appears to activate myosin contraction and results in the formation of bleblike protrusions at the front of the cell (Blaser et al. 2006) . Furthermore, polarized migrating germ cells displayed a high [Ca 2+ ] i at the cell front, but cells with CXCR4b downregulated showed lower [Ca 2+ ] i at the front and nondirectional migration. These observations indicate that a Ca 2+ gradient across the cell body may provide the directional clue for cell migration.
Many chemotactic cells, however, display a stable Ca 2+ gradient of a reverse (tail-tofront) direction (Brundage et al. 1991 , Fay et al. 1995 , Gilbert et al. 1994 , Laffafian & Hallett 1995 , which likely involves Ca 2+ release from internal stores (Fay et al. 1995) and influx through stretch-activated Ca 2+ channels (Lee et al. 1999) . Such a rear-to-front Ca 2+ gradient is believed to be responsible for the retraction and detachment of the rear tail during the forward movement of the cell (Figure 2b) . The discrepancy in the polarity of Ca 2+ gradients in different migrating cells may reflect different spatiotemporal properties of Ca 2+ signals that may target distinct downstream pathways for specific functions (e.g., directional sensing versus movement).
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Using single isolated granule cells growing on the surface of cocultured radial glial cells, Xu et al. (2004) found that local application of Slit-2, a well-known repellent for growth cone and migration neurons, in front of the migrating granule cell resulted in a front-to-back gradient of intracellular Ca 2+ in the soma. This somatic Ca 2+ gradient appeared to be required for the reversal of soma translocation on the glial cell. To simplify this experimental system further, Guan et al. (2007) used isolated granule cell migrating on the surface of culture substratum to examine Slit-2-induced Ca 2+ signals. They found that Slit-2 induces a propagating Ca 2+ wave from the growth cone of the leading process to the soma. Initiation of a propagating Ca 2+ wave requires CICR from the interval stores. These findings are consistent with the rear-to-front Ca 2+ gradient in chemotactic cells in which high [Ca 2+ ] i is involved in the retraction and detachment of the rear tail. Thus, basal [Ca 2+ ] i in migrating cells, maintained by Ca 2+ influx through plasma membrane Ca 2+ channels, provides the necessary conditions for global cellular motility, whereas Ca 2+ signals triggered by guidance cues serve to alter the directionality of neuronal migration. What remains to be seen is whether specific Ca 2+ signals may provide the directional cue for migrating neurons in vivo. The difficulty in performing Ca 2+ imaging of the entire migrating neuron in vivo, including the leading and trailing processes, represents a major obstacle to address this important question (Figure 2b ).
GROWTH CONE MOTILITY AND GUIDANCE
Functions of Growth Cones
First discovered by Ramón y Cajal more than a century ago (Ramón y Cajal 1890), growth cones are specialized motile endings of axons and dendrites that are responsible for axon/dendrite growth and pathfinding in vivo. Upon the growth cone's arrival at the targeted region, contact with the appropriate target cell transforms the growth cone from a highly motile structure into a stable presynaptic terminal specialized for the secretion of neurotransmitters and neuromodulators. Each growth cone has a peripheral region (P-region), consisting of lamellipodia and filopodia, and a central region (C-region) at the end of the neurite shaft (Figure 3a) . Lamellipodia and filopodia are actin-based motile structures (Figure 3b ) that constantly undergo rapid protrusion/retraction and generate the traction force for advancing the growth cone (Forscher & Smith 1988) . The C-region of the growth cone is enriched with bundles of microtubules (MTs), some of which extend into the P-region (Figure 3b) . The C-region is also loaded with cellular organelles and vesicles and believed to be the terminal station of vesicular trafficking and the primary site for endo-and exocytic activities. Successful elongation of the neurite process requires actin-based growth cone advance followed by subsequent forward movement of the C-region and consolidation of the newly extended segment into the stable neurite shaft. The interactions between the actin filaments and MTs are crucial to growth cone motility (Rodriguez et al. 2003) .
During development, early-emerging pioneer axons are responsible for establishing the major routes for axon extension, on the basis of diffusible or contact-mediated attractive and repulsive cues provided by the environment (Dickson 2002 , Tessier-Lavigne & Goodman 1996 . Many follower axons may take advantage of the situation by adhering to pioneer axons via homophilic adhesion. Growth cones typically exhibit a wide range of behaviors along the path of elongation, including variations in extension rate, pausing, collapse, retraction, bifurcation, and fasciculation and defasciculation. Many of these distinct behaviors reflect growth cone responses The morphology and cytoskeleton of the nerve growth cone. (a) A differential interference contrast (DIC) image of a Xenopus growth cone depicting the peripheral (P) and central (C) regions. (b) The fluorescent image of a Xenopus growth cone exhibiting the microtubules (MTs) ( green) and the actin filaments (red ). MTs were immunostained, and the actin filaments were labeled by rhodamine-phalloidin.
to local environmental cues and can be replicated in cell cultures for studying the underlying cellular mechanisms (Supplemental Video 1; follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org). Growth cone migration and guidance are essential for not only the initial wiring of neural circuitry but also the rewiring and functional recovery of nerve connections after injury, although the tissue terrain for pathfinding of regenerating axons is quite different between adult and embryonic tissues. The similarity of signaling mechanisms underlying growth cone motility of developing and regenerating axons suggests that our understanding of axon guidance during development may help to formulate therapeutic strategies that can promote the regeneration of injured axons and the recovery of neural circuit connectivity and function.
Ca
2+ Signals Regulating Growth Cone Motility and Turning
Ca
2+ is a key regulator of growth cone motility and mediates the actions of many extracellular molecules in axonal elongation and guidance (Gomez & Zheng 2006 . Although an optimal range of [Ca 2+ ] i is required for growth cone extension (Kater et al. 1988) , spontaneous fluctuations of [Ca 2+ ] i in the forms of Ca 2+ waves and spikes regulate the rate of axonal elongation in developing Xenopus axons in a frequency-dependent manner (Gomez & Spitzer 2000 , Gomez & Zheng 2006 . In directional guidance of growth cone extension, spatially restricted cytoplasmic Ca 2+ signals mediate both attractive and repulsive responses of growth cones to several extracellular guidance cues (Figure 4) . Recent studies indicate that different spatiotemporal patterns of Ca 2+ signals account for the action of Ca 2+ in triggering opposite motile behaviors of growth cones: A small local Ca 2+ elevation (or shallow gradient across the growth cone) triggers growth cone repulsion, whereas a modest local elevation induces growth cone attraction , Wen et al. 2004 ). However, relatively large local Ca 2+ transients also cause growth cone repulsion (Robles et al. 2003 
Figure 4
Schematic diagram illustrating the potential functions of Ca 2+ in various motility activities associated with neuronal development. Different labels indicate specific events that involve distinct patterns of Ca 2+ signals: (1) growth cone extension and turning, (2) collateral branching, (3) axotomy, (4) growth cone regeneration, (5) dendritic branching and patterning, and (6 ) spine dynamics and synaptic plasticity. The structures highlighted by dotted lines in step 4 indicate degenerating parts of the axon after axotomy.
of local Ca 2+ signals involved in growth cone steering-small and large Ca 2+ signals for repulsion and modest Ca 2+ signals for attraction (Gomez & Zheng 2006 )-which is consistent with the previous model of optimal Ca 2+ range for growth cone motility (Kater et al. 1988) . Therefore, Ca 2+ signals, when present globally in the growth cone, can regulate overall growth cone motility and rate of extension but, when locally elicited on one side of the growth cone, can induce asymmetric growth cone motility that leads to steering of the growth cone. signaling is long and has been reviewed extensively elsewhere (see reviews by Gomez & Zheng 2006 ). Here we focus on several main targets that regulate the cytoskeletal dynamics and cell-substrate adhesion for neuronal migration and axon guidance.
DOWNSTREAM EFFECTORS OF
Ca
2+ -Dependent Kinases and Phosphatases
The best-known proteins that can directly bind and respond to Ca 2+ are those that contain the EF-hand Ca 2+ -binding motif (Grabarek 2006) , of which CaM represents to the most intriguing Ca 2+ sensor that is involved in a diverse array of Ca 2+ -dependent cellular responses, especially those in neurons. Upon Ca 2+ binding, Ca 2+ /CaM can associate with a wide range of targets, including a number of kinases and phosphates, to elicit diverse signaling cascades (Chin & Means 2000 , Crivici & Ikura 1995 , Hoeflich & Ikura 2002 . Multifunctional Ca 2+ /CaMdependent protein kinases (CaMKs) comprise three enzymes referred to as CaMKI, II, and IV (Hanson & Schulman 1992 , Tombes et al. 2003 . CaMKII is highly enriched in the nerve tissues and critical for neural development (Griffith 2004) . CaMKII comprises a family of 28 similar isoforms that are derived from four genes (α, β, γ, and δ), and the α-and β-subunits are expressed predominately in the brain (Hudmon & Schulman 2002) . Among different CaMKII isoforms, β-CaMKII is of particular interest because it is often expressed in the early developmental stages, anchored to the actin cytoskeleton, and capable of regulating neurite extension (Fink et al. 2003) . Importantly, β-CaMKII requires several-fold-lower Ca 2+ /CaM concentrations for activation compared with the α isoform (Brocke et al. 1999) , making the former ideal for sensing small Ca 2+ signals during guidance responses (Wen et al. 2004 , Zheng et al. 1994 . In contrast, α-CaMKII mediates axonal branching induced by large Ca 2+ transients (Tang & Kalil 2005) , and CaMKI regulates axonal extension and dendritic development (Wayman et al. 2004 (Wayman et al. , 2006 . Moreover, nucleus-localized CaMKIV plays a role in activity-dependent transcription regulation in neurons (Impey et al. 2002) (Graef et al. 2003) . Over short-term periods, global Ca 2+ transients inhibit neurite extension via calcineurin (Lautermilch & Spitzer 2000) , and localized [Ca 2+ ] i elevation at a low level acts on calcineurin, which in turn activates phosphatase-1 to induce repulsive growth cone turning (Wen et al. 2004 ). Thus, different Ca 2+ signals may function through calcineurin to activate different downstream pathways and to elicit short-and long-term effects on growth cone extension and guidance.
Ca
2+ -Dependent Adenylyl Cyclases and Nitric Oxide Synthase
Ca 2+ can regulate the production of cAMP and cGMP, two important second messengers, via its action on adenylyl cyclases (ACs) and nitric oxide synthase (NOS), respectively. Out of the nine known AC isoforms, four are regulated by submicromolar concentrations of Ca 2+ : AC1 and AC8 are stimulated by Ca 2+ /CaM, and AC5 and AC6 are directly inhibited by Ca 2+ (Cooper 2005 , Cooper et al. 1995 . In HEK293 cells expressing the type 8 AC, induction of Ca 2+ oscillations by electrical or agonist stimulation resulted in periodic changes in cAMP through the activation of Ca 2+ -dependent AC and subsequent protein kinase A (PKA)-mediated phosphodiesterase 4 activity (Willoughby & Cooper 2006) . In developing Xenopus spinal neurons in culture, a train of action potentials initiated in a neuron can modify the subsequent growth cone turning responses to extracellular guidance cues, a process mediated by the elevation of cAMP, presumably through AC activation (Ming et al. 2001 ). Gorbunova & Spitzer (2002) Nitric oxide (NO) is a short-lived gaseous messenger that activates guanylyl cyclase, leading to the activation of various cGMPdependent pathways (Dawson & Snyder 1994) . NO is synthesized by three different isoforms of NOS. Neuronal NOS (nNOS) is associated with postsynaptic density and translocated to the cytoplasm upon binding with the Ca 2+ /CaM complex. Phosphorylation by CaMKII inhibits, and dephosphorylation by calcineurin activates, nNOS (Dawson et al. 1998 ). Thus, Ca 2+ signals may either up-or downregulate the activity of cGMP-dependent pathways. The NO/cGMP/protein kinase G signaling pathways do indeed regulate neurite growth (Ernst et al. 2000 , Renteria & Constantine-Paton 1996 , Trimm & Rehder 2004 ) and neuronal migration (Haase & Bicker 2003) .
Rho GTPases
The Rho family of GTPases, including Cdc42, Rac, and Rho, is essential for directed motility during neurite extension, axon guidance, and neuronal migration (Fukata et al. 2003 , Luo 2000 . There is evidence that RhoA is involved in growth cone collapse and repulsion whereas Rac and Cdc42 participate in growth cone attraction (Dickson 2001) . In Xenopus cultures, the activation of Cdc42 and Rac mediates attractive growth cone turning induced by BDNF, whereas RhoA mediates the repulsive turning induced by lysophosphatidic acid (Yuan et al. 2003) . Guan et al. (2007) found that the reversal of neuronal migration induced by Slit-2 requires a propagating Ca 2+ wave from the growth cone of the leading process to the soma as well as the activity of RhoA, but not Cdc42 or Rac activity. RhoA accumulates at the front of the migrating neuron, and this polarized RhoA distribution is reversed during the migration reversal induced by Slit-2 or by the propagating Ca 2+ wave. Furthermore, Slit-2 downregulates RhoA activity in a Ca 2+ -dependent manner ( Jin et al. 2005) . These results suggest that long-range Ca 2+ signaling coordinates the Slit-2-induced changes in motility at the two distant parts of migrating neurons by regulating RhoA distribution.
How do distinct Ca 2+ signals differentially regulate Rho GTPases? Rho GTPases are regulated by large families of guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). Recent evidence indicates that Ca 2+ can regulate Rho GTPases through Ca 2+ -regulated GAPs and GEFs (Aspenstrom 2004 ). In addition, CaMKII and protein kinase C (PKC), which can both be activated by Ca 2+ , can also activate Rho GTPases (Fleming et al. 1999 , Price et al. 2003 . Conversely, Rho GTPase activity may act upstream to regulate [Ca 2+ ] i . For example, the inhibition of Rho, but not of Rac or Cdc42, impaired the migration of hematopoietic stem cells toward chemokine SDF-1, apparently by inhibiting SDF-1-induced Ca 2+ transients (Henschler et al. 2003) . Such reciprocal activation between Ca 2+ signal and Rho GTPase activity provides a potential positive feedback mechanism required for the stable local activation of neuronal motility.
Other Cytoskeleton Regulatory Proteins
The structures and dynamics of MTs and the actin cytoskeleton are regulated by a variety of associated proteins (Dent & Gertler 2003 , Korey & Van Vactor 2000 , Meyer & Feldman 2002 ; many of them can be regulated and/or influenced by intracellular Ca 2+ signals (Gomez & Zheng 2006 . Myosin light chain kinase (MLCK), a member of the CaMK family, is directly activated by Ca 2+ /CaM to phosphorylate myosin light chain and regulate actomyosin contractility, which has been shown to mediate growth cone retraction (Gallo et al. 2002 , Schmidt et al. 2002 , Zhou & Cohan 2001 and directed cell migration (Lee et al. 1999) . Given the importance of myosin molecules, especially myosin II, in growth cone motility and guidance (Medeiros et al. 2006 , Ruchhoeft & Harris 1997 , Turney & Bridgman 2005 , Ca 2+ regulation of myosin activity may represent an important mechanism for Ca 2+ regulation of growth cone motility. Gelsolin is another example of actinregulatory proteins that can be activated directly by Ca 2+ signals (Lu et al. 1997 ). In addition to direct activation by Ca 2+ , many actin-associated proteins can be regulated by Ca 2+ through cross talk with distinct signaling pathways, especially Rho GTPases. For example, the myosin pathway can be regulated by Rho-associated coiled-coilcontaining kinase (ROCK), p21-activated kinase (PAK), and PKC, all of which can be activated by Ca 2+ signals (see .
Another interesting example is the actindepolymerizing factor (ADF)/cofilin family of proteins, which were initially identified for their ability to increase the rate of dissociation of ADP-actin from the pointed end of actin filaments to promote depolymerization (Carlier et al. 1997) and to sever actin filaments into small fragments for disassembly (Maciver 1998) . Recent studies, however, indicate that ADF/cofilin severing of actin filaments at the leading edge of the nonneuronal cells may generate new filament ends to promote the nucleation and assembly of actin filaments, which in turn drive membrane protrusion and cell migration (Kuhn et al. 2000 , Pollard et al. 2000 . Whether ADF/cofilin promotes filament assembly or disassembly depends on a number of different factors that influence the nucleation, polymerization, and stabilization of actin filaments. In neurons, ADF/cofilin is expressed at high levels, colocalizes with F-actin in the growth cone (Bamburg & Bray 1987) , and is involved in neurite outgrowth (Meberg et al. 1998) 
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MAPs: microtubuleassociated proteins 2006). ADF/cofilin molecules are inhibited by phosphorylation on a highly conserved serine residue, Ser3 (Agnew et al. 1995) , by LIM kinases LIMK1 and LIMK2, which are downstream of Rho GTPases (Kuhn et al. 2000) . It is thus reasonable to speculate that Ca 2+ signals may act through Rho GTPases to control LIM kinase activation, regulating the activity of ADF/cofilin. Furthermore, ADF/cofilin is activated through dephosphorylation by Slingshot phosphatases (Niwa et al. 2002) , which can be activated by the Ca 2+ /CaMdependent phosphatase calcineurin (Huang et al. 2006) . Therefore, ADF/cofilin may represent a converging target of multiple signaling cascades that regulates actin dynamics in the growth cone. Taken together, different spatiotemporal patterns of Ca 2+ signals may elicit and act upon divergent signaling pathways that converge on the actin cytoskeleton to regulate growth cone motility and guidance.
Guidance signaling can also target the dynamics of MTs to control and influence growth cone extension and guidance (Kalil & Dent 2005 , Korey & Van Vactor 2000 . Local manipulation of MT dynamics is sufficient to trigger bidirectional growth cone turning (Buck & Zheng 2002) . Ca 2+ signals can regulate MT dynamics through the binding of Ca 2+ /CaM to specific MT-associated proteins (MAPs) (Dehmelt & Halpain 2004) . Furthermore, the MAPs MAP2 and tau, upon phosphorylation and dephosphorylation by CaMKII and calcineurin phosphatase, can show different binding affinities for MTs, resulting in the modification of MT stability , Mandelkow et al. 1995 . Moreover, the growth cone-associated protein GAP43 is the target of CaMKII and calcineurin (Lautermilch & Spitzer 2000) . Finally, guidance cues can control growth cone motility and guidance through the regulation of the dynamic plus ends of MTs (Lee et al. 2004 , F.Q. Zhou et al. 2004 protein CLIP170 to capture MT ends to the cortical actin cytoskeleton (Fukata et al. 2002) . Ca 2+ -dependent interactions of Lis1 with IQGAP1 and Cdc42 promote neuronal migration (Kholmanskikh et al. 2006 ). Therefore, Ca 2+ signals may regulate MT dynamics through distinct mechanisms to control and influence growth cone motility and guidance responses. Finally, the unconventional cyclindependent kinase 5 (Cdk5) regulates the migration of postmitotic neurons through the remodeling of the microtubule cytoskeleton (Hirasawa et al. 2004 , Xie et al. 2006 . Recent studies indicate, however, that Cdk5 can also regulate the actin cytoskeleton through Rho GTPases (e.g., PAK1 and p27 kip1 ) or WAVE1 (Kawauchi et al. 2006 , Kim et al. 2006 . A potential link between Ca 2+ and Cdk5 came from the findings that glutamate can induce a transient Ca 2+ /CaM-dependent activation of Cdk5 in hippocampal slices, through the activation of NMDA or kainate receptors (Wei et al. 2005) . It is thus intriguing to speculate that Cdk5 may represent a multifunctional molecule that regulates both cytoskeletal structures underlying Ca 2+ control of neuronal motility.
Adhesion Proteins
Directional migration of both the neuron and the growth cone requires a spatiotemporally coordinated establishment of new focal adhesions by the advancing front and the disassembly of existing ones at the trailing end. It is largely unclear how cytoplasmic signaling mechanisms achieve such coordinated regulation of focal adhesions during directed movement, a problem particularly acute for neurons that exhibit relatively long leading and trailing processes. Neurons in vivo adhere to their interacting cells through either homo-or heterophilic interactions between cell adhesion molecules (CAMs) on the surface. For neurons migrating on the surface of radial glial cells, astrotactin, integrin, and neuregulin are involved, whereas homophilic neuron-neuron adhesion is mediated by N-CAM and cadherin. For proper migration, the extent of substrate adhesion must be optimal-sufficient adhesion is required for the cell to exert enough traction force to move, yet too much adhesion may immobilize the cell. In cultured Swiss 3T3 fibroblasts, Rac, Cdc42, and Rho are all involved in regulating cell adhesion to the substrate (Nobes & Hall 1995) , although Rac and Cdc42 activation leads to the assembly of focal adhesion complexes associated with lamellipodia and filopodia, distinct from those induced by Rho activation. Nobes & Hall (1995) propose that the activation of these three GTPases may be linked in a hierarchical manner during the process of cell migration: Activation of Cdc42 leads to the induction of filopodia and to Rac activation and lamellipodia formation. Rac in turn activates Rho, leading to the assembly of new adhesion sites and of stress fibers that enable cell contraction and retraction of the trailing tail. In nerve growth cones, the regulation of point adhesion contacts by Rho GTPases is important for neurite outgrowth (Woo & Gomez 2006) . Ca 2+ signals therefore may act through Rho GTPases to target adhesion in a spatiotemporal fashion to regulate neuronal motility.
Microtubule targeting of focal adhesions is known to trigger their disassembly, but dynamin and focal adhesion kinase, rather than Rho inhibition, apparently mediate disassembly (Ezratty et al. 2005) . Because dynamin regulates endocytosis, the disassembly of focal adhesions may involve endocytic removal of adhesion molecules from the plasma membrane, consistent with the observed endocytosis of integrins in migrating cells (Panicker et al. 2006) . Endocytic recycling of the membrane is Ca 2+ dependent, providing a mechanism by which Ca 2+ signaling may regulate cell migration through the modulation of substrate adhesion. Finally, adhesion may also provide feedback regulation of Ca 2+ signals in the cell. Ooashi et al. (2005) found that in cultured dorsal root ganglion neurons CAMs can regulate the activity of ryanodine receptor type 3 (RyR3) via cAMP and activation of PKA, resulting in CICR that causes attractive turning of the growth cone. A recent study also showed that localized Ca 2+ signals induce asymmetric exocytosis to result in a turning response (Tojima et al. 2007 ). In cultured cerebellar granule cells, rapid signaling via the propagation of a Ca 2+ wave from the leading growth cone to the soma conveys the reversal signal triggered by frontal application of Slit-2, in a process that involves front-to-rear redistribution of RhoA activity (Guan et al. 2007 ). How such RhoA redistribution affects focal adhesions to the substrate during the reversal process and what is the signal responsible for coordinating the forward-migration process remain to be elucidated.
Ca
2+ SIGNALING AND NEURITE BRANCHING
Branching of axonal and dendritic processes is an essential step for the wiring of complex neuronal circuitry. Developing axons often elaborate collateral branches to allow the innervation of multiple synaptic targets by a single axon (O'Leary et al. 1990 ). During regeneration after injury, the sprouting of branches from the primary axon stumps is also believed to be important for the rewiring of nerve connections (Hagg 2006 , Schwab 2002 . Although bifurcation of the growth cone is one way of achieving primary branches, collateral branching requires the formation of new growth cones along the neurite shaft, followed by elongation (Figure 4) . Axonal branching needs to be spatiotemporally regulated by both intrinsic and extrinsic mechanisms to ensure the proper construction of neural circuits. Several extracellular factors, including some axon guidance molecules, have been shown to regulate axonal branching (Brose & Tessier-Lavigne 2000 . In cultured embryonic cortical neurons, netrin-1 elicits marked collateral axonal branches, which depends on localized Ca 2+ transients and subsequent activation of the RyR: ryanodine receptor α isoform of CaMKII and mitogen-activated protein kinases (MAPKs) (Tang & Kalil 2005) . Although the actin cytoskeleton is likely the primary target of Ca 2+ signaling, the link from CaMKII and MAPKs to the rearrangement of the actin cytoskeleton during branching remains unclear (Dent & Gertler 2003 , Kornack & Giger 2005 .
Whereas axonal branching is mostly restricted to the region near target cells, dendritic branching is much more elaborate, and its pattern largely defines the morphological phenotype of the neuron. How the intrinsic genetic program and extrinsic factors from the environment determine the formation of the dendritic arbor is an outstanding question in neuronal cell biology ( Jan & Jan 2001) . A large body of evidence supports the notion that Ca 2+ signals generated spontaneously or elicited by synaptic activity act through distinct downstream effectors, e.g., CaMKs and MAPKs, to regulate dendritic growth and branching (Konur & Ghosh 2005 , Lohmann & Wong 2005 (Figure 4) . Two different isoforms of CaMKII appear to mediate different effects of Ca 2+ on dendritic modifications: α-CaMKII stabilizes or restricts dendritic growth, whereas β-CaMKII promotes the formation of dendritic filopodia. Other CaMKs, especially CaMKI and CaMKIV, are also involved in Ca 2+ -or activity-dependent transcriptional and translational regulation of dendrite development (Impey et al. 2002 , Redmond et al. 2002 , Wayman et al. 2006 . For example, activity-dependent Ca 2+ elevation activates CaMKI, which phosphorylates MAPK Ras/MEK/ERK and the transcription factor CREB to enhance Wnt-2 production; this in turn promotes dendritic arborization (Wayman et al. 2006 
Ca
2+ AND AXON REGENERATION
Injuries of the nervous system often involve transection of nerve fibers that may cause axon degeneration and neuronal death. The first step leading to survival and regeneration is the resealing of the plasma membrane at the site of transection, a process dependent on both intra-and extracellular Ca 2+ concentrations. Axotomy often causes a large Ca 2+ influx into the cells, which can generate detrimental cellular effects, including the disruption of cytoskeletal architecture and induction of apoptosis (Coleman 2005) . However, the large Ca 2+ influx appears to be important for membrane resealing (Figure 4) because the reduction or elimination of extracellular Ca 2+ severely delays membrane resealing (Rehder et al. 1992) . A high-level, transient [Ca 2+ ] i elevation to the micro-and millimolar ranges following axotomy of cultured neurons is needed to trigger a cascade of cellular events that lead to the resealing of the plasma membrane (Rehder et al. 1992 , Xie & Barrett 1991 . Two molecules downstream of Ca 2+ have been implicated in Ca 2+ -dependent resealing of the plasma membrane: phospholipase A2 (PLA 2 ) and the Ca 2+ -sensitive protease calpain (Geddis & Rehder 2003a , Gitler & Spira 1998 , Xie & Barrett 1991 , Yawo & Kuno 1983 (Glading et al. 2002 , Goll et al. 2003 ) and has been implicated in the membraneresealing process (Gitler & Spira 1998 , Xie & Barrett 1991 , but the detailed mechanism for the resealing process remains unclear. Other Ca 2+ -dependent cellular events, e.g., Ca 2+ -triggered exocytosis and the associated insertion of membrane (McNeil et al. 2000) , may also be involved in membrane resealing.
After membrane resealing, the formation of new growth cones is required for axon regeneration and rewiring of synaptic connections. In culture following axotomy, new growth cones emerge only after [Ca 2+ ] i falls back to the normal basal level, through cytoplasmic Ca 2+ homeostasis mechanisms (Geddis & Rehder 2003a) . A drastic reduction in [Ca 2+ ] i below the normal basal level also delays the formation of new growth cones (Rehder et al. 1992 ), suggesting that an optimal range of [Ca 2+ ] i is required for growth cone formation, similar to that found for growth cone extension. Several enzymes have been implicated in the formation of new growth cones, including PLA 2 , PKC, and calpain (Geddis & Rehder 2003b , Gitler & Spira 1998 , Spira et al. 2001 . It is likely that mechanisms that regulate cytoskeletal structures in growth cone initiation during development also operate during growth cone regeneration after axotomy (Dehmelt & Halpain 2004) . Axon regeneration requires the resumption of the growth capacity that was present in early development, which may require changes in gene expression and the upregulation of growthassociated proteins, e.g., GAP43 (Bomze et al. 2001 , Van der Zee et al. 1989 ). The high elevation of [Ca 2+ ] i during axotomy may serve as a trigger for changes in gene expression, in a manner analogous to the activity-dependent gene regulation that occurs under normal physiological conditions (Hong et al. 2005 , Spitzer 2006 (Figure 4) , similar to the initiation of a new growth cone during axon branching (Tang & Kalil 2005) . Finally, local protein synthesis and degradation play a role in axon regeneration , which may be regulated by Ca 2+ signals (Iizuka et al. 2007 , Sutton et al. 2004 , Yao et al. 2006 .
Whereas extensive axon regeneration occurs after peripheral nerve injuries, injured axons in the central nervous system (CNS) normally do not regenerate. In addition to the presence of extracellular inhibitory molecules in the CNS that impose major obstacles to regeneration (Harel & Strittmatter 2006) , adult neurons may have also lost their intrinsic growth capability, as suggested by the absence of neurite regeneration of dissociated adult DRG and retinal neurons in culture . Other potential intrinsic deficiencies of adult CNS axons include poor membrane resealing, inability to form growth cones, and failure of growth cone extension, all of which depends on the homeostatic regulation of [Ca 2+ ] i . Interestingly, the modulation of [Ca 2+ ] i by electrical stimulation may drastically change growth cone behavior. Ming et al. (2000) showed that in cell culture, myelin-associated glycoprotein (MAG), a major inhibitor of regenerating axons, causes repulsion of cultured spinal neurons. Interestingly, a brief train of action potentials can convert the response of these neurons from repulsion to attraction. In this case, the Ca 2+ influx resulting from electrical stimulation is mediated by an elevation of cytosolic cAMP, presumably owing to the activation of Ca 2+ -dependent AC. Interestingly, in animal models electrical stimulation has long been an effective means of promoting nerve regeneration in the injured spinal cord, which is very likely mediated by depolarization-induced Ca 2+ signaling. Thus, a potential strategy in promoting axon regeneration after injury is to modulate the Ca 2+ homeostatic mechanisms or the effectiveness of Ca 2+ -activated processes so as to facilitate membrane resealing, growth cone formation and extension, and the growth cone's sensitivity to inhibitory substances in the CNS.
SYNAPTOGENESIS AND SYNAPSE REMODELING
The establishment of synaptic connections involves motility of both the presynaptic axon and postsynaptic dendrites. In cultured hippocampal neurons, numerous filopodia extending from dendritic shafts appear to sample their environment actively for appropriate incoming axons. Stable contact made with the axon, often along the axon shaft, leads to filopodial stabilization and the subsequent development of these filopodia into dendritic spines, whereas the axonal contact sites become functional presynaptic boutons (Ziv & Smith 1996) . Long-term imaging of nonspiny dendritic arbors in the optic tectum of living zebrafish larvae also showed that nearly all synapses form initially on newly extended dendritic filopodia. Stable synaptic contacts in turn stabilize the filopodia, which then mature into dendritic branches (Niell et al. 2004) .
The effects of neuronal activity on synaptogenesis and connectivity are largely mediated by Ca 2+ signals, which act either pre-or postsynaptically to regulate the cytoskeletal dynamics underlying the morphological and functional maturation of the synapse (Dillon & Goda 2005) . Studies of synaptogenesis in hippocampal cultures showed that a brief period of bursting spiking of the presynaptic neurons could promote the establishment of functional synaptic transmission through a Ca 2+ -dependent remodeling of presynaptic actin filaments (Shen et al. 2006) . Activity-induced Ca 2+ signals may also exert modulatory actions at the synapse by Ca 2+ -dependent secretion of neurotrophic substances, e.g., BDNF (Poo 2001) . In the developing optic tectum, BDNF promotes synaptogenesis by enhancing axonal and dendritic growth (Alsina et al. 2001) . Interference of BDNF signaling through its TrkB receptors severely impaired the refinement of synaptic connections associated with the formation of ocular-dominance columns in the developing primary visual cortex (Cabelli et al. 1995) .
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Activity-dependent developmental refinement of neural circuits involves the establishment and stabilization of new synapses and the elimination of inappropriate synapses in a manner dictated by the pattern of neural activity (Zhang & Poo 2002) . This requires neuronal motility associated with localized sprouting and growth as well as the retraction of axonal and dendritic processes. The retinotectal system of the frog and zebrafish has been used extensively for studying the dynamics of developmental motility in vivo (Cline 2001 , Hua et al. 2005 ). In the mature nervous system, large-scale formation and elimination of synaptic connections probably do not occur, except under pathological conditions or following denervation. Interestingly, synapse formation and elimination appear to occur throughout life by limited dendritic spinogenesis and elimination (Grutzendler et al. 2002) , with synaptogenesis following spinogenesis . The stability of spines depends on sensory inputs. In identified somatosensory barrel cortex of the adult mouse, sensory activity is required for spine retraction (Zuo et al. 2005 ), a process requiring NMDA receptor-mediated Ca 2+ influx. However, novel sensory experience induced by trimming alternate whiskers, a paradigm that induces adaptive functional changes in neocortical circuits, drives the stabilization of new spines on subclasses of cortical neurons .
Changes in the shape and number of spines have long been proposed as a mechanism by which activity induces long-term modifications of synaptic efficacy. Studies of synaptic plasticity in all brain regions have shown that correlated pre-and postsynaptic activities result in immediate long-term potentiation (LTP) or long-term depression (LTD) of synaptic efficacy, depending on the activity pattern (Dan & Poo 2004 , Malenka & Bear 2004 . In parallel, repetitive synaptic activities also cause changes in the morphology of synapses, with a slower onset (tens of minutes), as shown by the protrusion of new dendritic spines, spine enlargement, and splitting of existing spines accompanying LTP (Yuste & Bonhoeffer 2001) as well as the shrinkage or retraction of spines associated with LTD (Q. . Both the functional and morphological modifications of synapses require Ca 2+ signals induced by the activation of NMDA receptors, VDCCs, or metabotropic glutamate receptors. These Ca 2+ signals activate downstream Ca 2+ effector enzymes, leading to changes in the number and properties of postsynaptic transmitter receptors and/or in presynaptic efficacy in transmitter secretion (see Malenka & Bear 2004) . In the meantime, Ca 2+ signals also trigger the actin cytoskeleton rearrangement in postsynaptic spines, leading to a modification of synaptic morphology.
Dendritic spines are highly enriched with F-actin, and rapid rearrangements of the actin cytoskeleton inside the spine in response to an elevation of [Ca 2+ ] i can change spine shape and size to alter the efficacy of synaptic transmission (see Oertner & Matus 2005) . The actin cytoskeleton also anchors postsynaptic glutamate receptors, and its modulation affects the endocytic removal or membrane insertion of glutamate receptors, leading to functional synaptic modification. This is illustrated by the findings that glutamate-induced internalization of synaptic AMPA receptors in cultured neurons requires a rise in postsynaptic Ca 2+ and that the internalization is mimicked by latrunculin A, which selectively depolymerizes F-actin, and blocked by jasplakinolide, which stabilizes F-actin filaments . Exactly how Ca 2+ signals regulate the actin cytoskeleton may be revealed by the spatiotemporal pattern of the Ca 2+ signal triggered by neuronal activity. Korkotian & Segal (2001) showed that bursts of action potentials in the postsynaptic neuron cause a momentary contraction of dendritic spines that are blocked by latrunculin B inhibition of actin polymerization. Low-frequency stimulation, in contrast, stabilizes the dynamic actin in the spine of cultured neurons via the Ca 2+ -dependent actinbinding protein gelsolin (Star et al. 2002) .
Postsynaptic NMDA receptor activation leads to the targeting of profilin, a regulator of actin polymerization, to spine heads, prevents actin-based changes in spine shape, and stabilizes synaptic structure (Ackermann & Matus 2003) . There also appear to be divergent Ca 2+ -dependent pathways leading to functional and structural modifications at the synapse. For example, both the shrinkage of spines and LTD require the activation of NMDA receptors and calcineurin. However, spine shrinkage is mediated by cofilin but not by protein phosphatase 1 (PP1), which is essential for LTD, suggesting that different downstream pathways are involved in spine shrinkage and LTD (F.Q. ). The small GTPases Rac and Rho play a critical role in the maintenance of dendritic spines and branches in cultured hippocampal pyramidal neurons . Because these GTPases are downstream effectors of Ca 2+ , they may also mediate the action of Ca 2+ on spine motility.
The presynaptic terminals and postsynaptic spines contain cytoskeletal elements similar to that of the growth cone filopodia. Unlike the growth cone, the assembly/disassembly of cytoskeletal filaments and endo-/exocytic activities are in a state of dynamic equilibrium at the synapse, maintaining its structural stability. However, activity-dependent Ca 2+ signals in the pre-or postsynaptic cell may tip the balance by inducing a net insertion or removal of plasma membrane components, resulting in an addition or a reduction of transmitter receptors and ion channels as well as the growth or retraction of pre-and postsynaptic elements. Thus, Ca 2+ signals that serve to regulate the growth and pathfinding of growth cones early in development appear to be redeployed in regulating fine-scale neuronal motility at the synapse. The bidirectional cellular responses triggered by Ca 2+ signals further exemplify the parallels between the growth cone and the synapse: Attractive versus repulsive turning of growth cones triggered by high-versus low-level Ca 2+ gradients across the growth cone is analogous to the bidirectional synaptic modification (LTP or LTD, or spine growth or retraction) triggered by high-versus low-level postsynaptic Ca 2+ rises in response to synaptic activity, mediated by overlapping sets of Ca 2+ -dependent kinases and phosphatases (Gomez & Zheng 2006 , Malenka & Bear 2004 .
CONCLUSION
As the primary link between electrical activity and biochemical events, Ca 2+ signaling plays a central role in multiple cellular actions, including the regulation of neuronal motility. Much is known at present for potential pathways that may rapidly transduce Ca 2+ signals to changes in cytoskeletal dynamics. However, how a myriad of other downstream actions of Ca 2+ signals, including Ca 2+ -dependent transcriptional and translational events, influence neuronal motility over a longer duration remains largely unclear. Furthermore, given that the information in the nervous system is often coded in the pattern of electrical activity, how Ca 2+ signals convey and convert different patterns of electrical activity into distinct biochemical events to properly modulate neuronal functions, including various forms of motility, remains an outstanding issue in cellular neurobiology.
SUMMARY POINTS
Ca
2+ signals regulate a variety of neuronal motility activities underlying the formation, refinement, and maintenance of neuronal circuitry.
Intracellular Ca
2+ signals of different spatiotemporal patterns act through distinct signal transduction pathways to regulate specific motility-associated activities.
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